Abstract: An alternative design technique of the evaluation of flexural buckling coefficient determined for fire situation is presented and widely discussed in the present paper. The proposed methodology is based on the Rankine-Merchant concept. An equivalent buckling coefficient is adopted as the objective measure of the reduction of member fire resistance. It is specified as a product of classical coefficient which deals only with buckling phenomenon and the ratio of the reduction of steel yield point at fire temperature. Some calculation formulae, differentiated in relation to model complexity, are recommended to reliably assess the value of searched coefficient. Obtained results are compared with adequate buckling factors resulting from typical standard analysis. Moreover, a quantitative comparison is shown here, in which the influence on conclusive resistance of some factors being the indirect effect of the consideration of imperfect structural members is examined in detail.
Introduction


The Rankine-Merchant approach is widely used design technique, helpful for the prediction of real failure load, especially if the resistance of framed structures is assessed. It is based on the independent and separate analyses of the strength of considered member and its stability. Determination of the strength deals with the evaluation of squashing or yielding stresses, then pure plastic behaviour of structural element is taken into account in this case. On the other hand, for stability analysis, the pure elastic buckling load is looked for. Consequently, simple assumption about the way of the interaction between those two failure modes is made. The main advantage of such methodology is its simplicity. Furthermore, one can say that the results obtained by this approach seem to be sufficiently reliable because of its multiple experimental verification. Let us notice that the history of succesfull application of this formulation is significantly long. Based on the empirical formula given by W.J.M. Rankine in 1866 for perfectly straight columns, W. Merchant in 1954 developed a more generalized theory to determine the failure load factor of rigidly jointed frames, subjected to proportional loading.
In classical analysis in which the Rankine-Merchant approach is considered, the failure load of load-bearing structure is estimated for proportionally increasing external loads but for members remaining at ambient temperature. Extending such examination to the case of fully developed fire requires incorporation to typical design procedure some thermal effects resulting directly from the appearance of significantly high temperature of structural steel. Detailed investigations in this field were recently carried out by the group of scientists from Nanyang University in Singapore. Particularly W. S. Toh [6] . Besides those works the problem how to correctly estimate the rigid-plastic collapse load as well as the elastic critical load for steel framed structures for fire conditions has been studied also in Poland by W. Skowroński, even before the research conducted in Sigapore [7, 8] .
The main aim of the present paper is making a quantitative comparison between the evaluations of failure loads which can be obtained by means of the application of Rankine-Merchant design procedure and corresponding results being the solution of traditional standard approach, recommended in PN-EN 1993-1-2 [9] . Considering the fact that in such standard calculation technique member fire resistance is estimated owing to the specification of special flexural buckling coefficient 
Standard Flexural Buckling Coefficient for Fire Situation
The design fire resistance of uniformly heated and axially compressed steel member, assessed regarding to the elastic-plastic buckling instability failure mode, is usually determined [9] by means of the following formula: (2) where,
Moreover, the non-dimensional (normalized) slenderness   is also a function of this temperature according to the relation:
where,  -analogous non-dimensional member slenderness but calculated for the case of ambient temperature,
-ratio of the reduction of Young modulus at fire temperature (its values determined for particular steel temperatures are also given in Ref. [9] .
Let all notice that the imperfection factor  corresponding to fire situation does not depend on the shape of member cross-section so only one type of a buckling curve is then specified. This is a fundamental difference in relation to classical calculations, made for members remaining at ambient temperature, in which various buckling curves (a, b, c and d) are defined. The concept of the specification of a single buckling curve when fire conditions are considered is widely verified by experiments. It is significantly important that such "fire" buckling curve gives evaluations of the coefficients x fi which are much more conservative than suitable assessments of the coefficients x, determined for the case of room temperature. Such relation is well noticeable in Fig In Fig. 2 the influence of fire temperature  on reduction of design member fire resistance 
Specification of Buckling Coefficient for Fire Conditions with Respect to Rankine-Merchant Approach
In general the interaction formula resulting from the Rankine-Merchant design concept has the following form (if
where, The buckling coefficient
is the measure of the reduction of conclusive member resistance in relation to its pure plastic carrying capacity, so:
Basing of such definition one can rearrange Eq. (7) to the form: (9) where, e L is the buckling length of considered member, I is the moment of inertia whereas i is the radius of gyration, both calculated for the member cross section.
The value of buckling coefficient is then found as a simple reciprocal: More precise design technique is proposed to be used in [6] . Let the analysed column be simply supported with a pinned-roller joint at its top. Moreover, let this column be eccentrically-loaded with the parameter  being a measure of such eccentricity. In addition, the initial deflection of the member is also assumed with the value e in the middle of the column height (see 
Quantitative Analysis of Obtained Buckling Coefficients
The comparison presented in this chapter deals with the equivalent buckling coefficients
This factor can be considered as an objective measure of the reduction of member fire resistance because it includes not only the influence of buckling phenomenon but also the decreasing of material yield point at high temperature of constructional steel. At the beginning two kinds of coefficients First of those, marked by the symbol EN (which is the abbreviation of the word "euronorm"), is calculated by means of Eqs. (2) and (3), whereas the second, described as R-M (Rankine-Merchant), is the solution of Eq. (10). As the authors can see, evaluations of buckling coefficients made on the basis of the application of classical standard approach [9] are much more conservative than the other ones, being the result of using of Rankine-Merchant concept. However, as it has been said previously, formula (10) is not fully realistic. At that place the fact must be underlined that the parameter k y, = 1.0 only if  ≤ 400C but it is decreasing with increasing steel temperature for  > 400C. This is the reason of significant quantitative difference between the coefficients calculated for lower and higher temperature , both for "EN" and for "R-M" buckling coefficients.
To improve the accuracy of the assessment of such coefficients some initial geometrical imperfections were modelled and, as a result of this concept, the interaction M-N was additionally taken into consideration. Two types of interaction formulae were examined (Eqs. (11) and (14)). Consequently, two equations were proposed for calculation of buckling coefficients (Eqs. (13) and (15)).
Let all see various buckling curves presented in Fig.   4 . They are the solution of Eq. (13) for  = 400C. The influence of imperfection magnitude on the shape of corresponding buckling curve is shown here. The ratio (eA)/W pl is the basic parameter differentiating the convexity of considered curves. Greater value of initial deflection e is always connected with greater influence of bending in relation to axial compression, so simultaneously equivalent buckling coefficient must be decreasing. Another dependence is explained in Fig. 5 . Presented buckling curves result from using Eq. (15) in which the parameter (eA)/W pl = 0.2 is assumed. As the Table 1 Comparison between "EN" and "R-M" equivalent buckling coefficients. author can see, the equivalent buckling coefficient
is much lower with higher steel temperature .
Interesting effect can be observed based on the results presented in Table 2 for  = 400C. More precise description of the interaction M-N leads to less conservative values of equivalent buckling coefficients, especially if the normalized slenderness  is not high;
however, difference between obtained outcomes is quite small. In the next table (Table 3) 
Summary and Conclusions
The Rankine-Merchant approach to evaluation of real member resistance can be an interesting alternative in relation to classical standard methodology of such assessment, not only for the case of persistent design situation but also when accidental, fully-developed fire conditions are considered. In the present paper the equivalent flexural buckling coefficient
, which includes both influence of buckling phenomenon and the unfavourable effects of weakening of material properties being the result of high temperature, is adopted by the author as an objective measure of the reduction of examined resistance in fire. Some direct formulae are specified here to estimate the value of searched coefficient. They are different one from the other according to the ratio of their complexity, which corresponds with the various precision of determination of considered coefficient.
The quantitative comparison between the obtained outcomes leads to the conclusion that the coefficients calculated basing on the application of the standard approach are, as a rule, more conservative than adequate factors, being a results of using of Rankine-Merchant concept. Equivalent buckling coefficients, resulting from the simplest formula proposed in this article (Eq. (10)), would be able to be compared with the standard ones if typical multiple buckling curves, specified for calculations made at room temperature, were taken into account also in fire situation (Fig. 1) . The concept that only a simple and very strong buckling curve is recommended in such case allows to include structural analysis made for fire situation not only the model uncertainty but also a great random variability of the parameters of potential fire. Besides that such simplification gives evaluations of searched coefficients which are safe in general. This statement is widely verified by experiments. On the other hand, all influences which are the effects of randomness of basic parameters describing a fire could be taken into consideration in another calculation phase, for example with the specification of suitable partial safety factors and/or with the adoption of accurate regula of load combination.
Using of Rankine-Merchant design approach gives the opportunity to judge the importance of various factors being the result of the analysis of members which are not perfect in statical sense. All those effects can be modelled owing to the application of the equivalent imperfection concept. Such imperfections can be adopted exemplarily as the initial member deflection or as the load eccentricity. As one can see in the presented paper the importance of those effects is frequently very significant. Let all notice that such imperfections are also considered in classical standard evaluations of suitable buckling coefficients, in which the Perry-Robertson design model is used, but their effects cannot be extracted in such simple and illustrative way because the formal structure of adequate calculation formula (see Eq. (2)) is more involved.
